Abstract-Highly sensitive measurement of the very weak magnetic characteristics of magnetic particles in solution or of a solution itself is required for applications, such as biomedical examinations. In this paper, higher sensitivity and additional performance with relaxation measurement and harmonic signal detection were achieved by an improvement of the driving mechanism and the high-resolution electric magnet, and optimization of the superconducting quantum interference device (SQUID) detection unit. A servomotor was used for sample vibration and rotation with precise control and high speed. For detection of the M -H characteristics, the sample was vibrated under the magnetic field in the electromagnet. For measuring the relaxation of the magnetization, the sample was rotated. A first-order differential pickup coil with a normal conducting wire connected to the input coil of a high-temperature superconductor-SQUID was used to detect the magnetic signal from the sample. High-resolution measurement of the magnetic moment on the order of 10 −11 A m 2 was achieved with this system configuration. An ac magnetic field with a dc bias could then be applied to the sample for detection of the harmonic signal. The magnetic relaxation signal from the sample was measured by another of the same type of differential detection coil equipped outside of the electric magnet by rotating, instead of vibrating, the sample. The magnetization curve for a low concentration of iron nanoparticles with a superparamagnetic character in the solution was successfully measured using the developed magnetometer, and the relaxation phenomenon was also characterized.
I. INTRODUCTION
H IGH sensitivity magnetometers have been widely used in many fields such as biomedical applications, geophysical investigations, and non-destructive testing [1] . Detection of the magnetic properties of materials is an especially important application of magnetometers. Commonly used magnetometers are used to detect strong magnetic properties such as ferromagnetism and typically consist of a pair of conducting pickup coils and a preamplifier. In contrast, magnetometers that employ a low temperature superconductor (LTS) superconducting quantum interference device (SQUID) as a highly sensitive sensor are used to detect weak magnetic properties. High sensitivity magnetometers are typically used in fundamental research laboratories. However, the use of LTS-SQUID magnetometers Manuscript received September 3, 2015; accepted February 13, 2016 . Date of publication February 18, 2016 ; date of current version May 6, 2016 .
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is limited due to the complicated maintenance of liquid He systems. Recently, the high temperature superconductor (HTS)-SQUID has been improved to achieve equivalent performance and reliability as with LTS-SQUID magnetometers. As such, compact magnetometers that employ HTS-SQUID have been developed by the integration of a simple cooling system. The demand for magnetic measurements of both pure and mixed materials has increased recently. Magnetic nanoparticles for biomedical applications such as immunoassays [2] - [8] , magnetic particle imaging (MPI) [9] - [12] , and magnetic contrast media for magnetic resonance imaging (MRI) are widely used. For practical use, not only the magnetic properties of the isolated material but also those of the material in a medium are important. We have reported the magnetic properties of magnetic nanoparticles in solution and their influence on the diamagnetism of water [13] . Another application to mixtures of materials with different magnetic properties has been reported for moisture content measurement using a magnetometer [14] , [15] . For instance, mortar is a mixture of cement, sand, and water; however, despite bring such a complex material, both the moisture content and the hydration change of mortar can be measured with a magnetometer [16] . After the measurement method is optimized, many samples can be measured in a short time under the same measurement conditions [17] . For such sequential measurement of many samples, a rotating sample holder is installed with the magnetometer [18] , [19] .
In this study, we have developed a hybrid type HTS-SQUID magnetometer for application to the fundamental analysis of magnetic properties and for convenient quantitative analysis by improvement of the driving mechanism and the high resolution electric magnet, and optimization of the SQUID detection unit.
II. MEASUREMENT SYSTEM
A. Configuration Fig. 1 shows the developed measurement system. The measurement system has three modes of measurement: magnetization (M-H) characteristics, relaxation of magnetization, and harmonic signal analysis. To measure an M-H curve, the sample is vibrated and the intensity of the applied magnetic field is gradually changed. To measure the relaxation of magnetization, the sample is rotated to pass through the magnetic field from the electromagnet ( Fig. 1(b) ). The magnet has two coils, primary and secondary ( Fig. 1(c) ). A DC and/or AC magnetic field is applied to the sample by the primary coil, which is driven by the current source controlled by a function generator. The magnetic poles are 60 mm in diameter with a gap of 25 mm. The maximum applied magnetic field intensity is 500 mT, and the precise magnetic field intensity is controlled by the magnetic field to within 40 μT using the secondary coil, which is directly driven by a feedback circuit through monitoring with a Hall device ( Fig. 1(c) ). The sample movement is controlled by a servomotor that can vibrate and rotate with 0.01
• precision in the set angle. The maximum rotation speed is 12 Hz (= rps). The sample case has inner dimensions of 19 L × 9 W × 4.5 H mm. The magnetization signal from the sample is detected by a pickup coil placed at the center of the underside magnetic pole. The relaxation signal is detected by another pickup coil located at a rotation angle of 88
• from the center of the magnet. The two pickup coils are switched to connect the input coil of the SQUID. The liftoff of the sample from the pickup coil is 1.5 mm. The magnetization signal is changed to an AC signal by vibration or rotation.
To decrease the external magnetic field noise, the pickup coil was designed to be a first-order differential coil. The pickup coil is a pair of elliptical coils made from Cu wire with a 0.3 mm diameter, and each coil size is 20 × 10 mm with 200 turns, and the baseline between each coil is 10 mm (Fig. 1(b) ). The electrical resistivity and inductance of the coil are 1.95 Ω and 294 μH, respectively. When a DC magnetic field is applied, the main external noise originates from magnetic field noise in the surrounding environment. On the other hand, the AC magnetic field becomes noise itself when the AC magnetic field is applied without sufficient balance with the differential coil. Therefore, an additional compensation coil with a small diameter of 3 mm was used to improve the imbalance. The detected AC signal is transferred to the input coil of the HTS-SQUID connected with the pickup coil [20] , [21] . The HTS-SQUID is a first-order gradiometer to cancel external noise. The input coil and the SQUID were separately fabricated on each substrate, and were combined to have a flip-chip structure with a size of 7.5 mm × 15 mm. The input coil had a mutual inductance of 1.88 nH. The HTS-SQUID chip was supplied by International Superconductivity Technology Center-Superconductivity Research Laboratory (ISTEC-SRL), Japan [22] . A rampedge junction structure was applied for the Josephson junction of the HTS-SQUID, and SmBa 2 Cu 3 O y (SmBCO) and Er 0.95 La 0.1 Ba 1.95 Cu 3 O y (L1ErBCO) were used as the base and counter electrodes of the junction, respectively. The HTS-SQUID was operated with a flux locked loop (FLL) circuit. The output signal of the FLL circuit was detected by a lock-in amplifier that was synchronized according to the positioning sensor signal of the servomotor when the M-H curve was measured. The time waveform of the output signal of the FLL circuit for rotation measurement mode was directly measured, and averaged using the positioning sensor signal. The HTS-SQUID was cooled with liquid N 2 in a Dewar flask, and these components were installed in a magnetically shielded box made of Permalloy.
B. Optimization of the System
To obtain a good signal-to-noise ratio (SNR), optimization factors such as the vibration conditions and noise cancellation is important [23] . Therefore, the performance of each component was evaluated.
The sensitivity of the HTS-SQUID with respect to the applied AC magnetic field frequency is shown in Fig. 2(a) . The sensitivity has a linear relationship with frequency because a normal conducting wire was used. The noise spectrum was calculated from the output signal spectrum (Fig. 2(b) ) using the sensitivity value. The noise decreases with increasing frequency; therefore, high frequency operation is required to obtain a high SNR. These noise characteristics were not obtained in a magnetically shielded environment, but under experimental conditions in a room. A frequency analysis was conducted to investigate the frequency component of the signal using MnF 2 , which is a paramagnetic material, as a standard sample. Fig. 3(a) shows the time-waveform when the sample was rotated with a rotation speed of 3 Hz, averaged over 100 rotations. The dependence of the time waveform on the rotation speed was analyzed using a fast Fourier transform (FFT) (Fig. 3(b) ). The frequency peak shifted to higher frequency with increasing rotation speed.
To obtain a high SNR in the M-H measurement, the vibration amplitude was optimized (Fig. 4) . Here, the distance between the center of the sample and the rotating shaft of the servomotor was 230 mm. The signal detected with the lock-in amplifier was measured by the changing vibration amplitude under application of a DC magnetic field at 100 mT. The maximum intensity was obtained for a vibration amplitude of 2.3
• , which was almost the same as the baseline width of the first differential pickup coil.
III. SYSTEM APPLICATIONS

A. M-H Curve Measurement
Water is a well-known diamagnetic material with very low susceptibility. Therefore, the M-H curve for water shows magnetic characteristics that are negative slope, and a very low magnetic moment (Fig. 5) . Here, the magnetization was calibrated with a LTS-SQUID magnetometer (MPMS3, Quantum Design). To detect such very weak magnetism, the detection limit of the measurement system is thus important. The SNR for lock-in detection is improved by an increase of the time constant. However, there is not only electrical system noise, but also noise associated with the applied magnetic field fluctuation and the magnetic field environment. The stability of the lock-in amplifier output signal, with a 300 ms time constant, during the magnetization measurement of water with an applied magnetic field of 250 mT and vibration frequency of 11.6 Hz was approximately 7.2 μV pp , which is equivalent to a magnetic moment of 4.0 × 10 −11 A m 2 . Iron oxide nanoparticles, which are superparamagnetic if the particle size is less than approximately 100 nm, have been recently investigated for medical applications, where the measurement of basic magnetic characteristics in solution or any media is important. Therefore, an M-H curve for iron oxide nanoparticles (nanomag-D-spio, 100 nm size, Micromod Partikeltechnologie GmbH) in solution was measured (Fig. 5) . A similar result to those previously reported [23] was obtained. The M-H curve for the superparamagnetic nanoparticles is described by a Langevin function. The magnetic characteristics of the water medium cannot be ignored if the nanoparticles are present in a low concentration. Therefore, the M-H curve of the nanoparticles in solution is expressed as:
where M s is the saturation magnetization, L is the Langevin function, m is the atomic magnetic dipole moment, and C is the diamagnetic constant. The M-H curve shows a decrease in magnetization caused by the negative susceptibility of diamagnetic water in the region of high applied magnetic field. The net magnetization of the nanoparticle can be obtained by subtracting the water contribution. The measured results were quantitatively analyzed by fitting the data using Eq. (1) [24] . As a result, a typical magnetic moment m was estimated to be about 4 × 10 −19 A m 2 .
B. Harmonic Signal by AC Measurement With DC Bias
MPI using iron oxide nanoparticles is based on the nonlinear response of iron oxide nanoparticles, so that the harmonic signal is usually detected when an AC magnetic field with a DC gradient magnetic field is applied [13] , [25] . The DC magnetic field dependence of the harmonic signal intensity was measured under application of an AC magnetic field of 30 mT and 5 Hz (Fig. 6) . The secondary and third harmonic signals show the optimized DC bias point to achieve maximum signal intensity.
C. Relaxation Measurement
Brownian relaxation phenomenon is usually used for biological immunoassays to separate bound and unbound markers [26], [27] . The relaxation time of magnetic nanoparticles by Brownian rotation is expressed as:
where k B is the Boltzmann constant, T is the absolute temperature, V is the hydrodynamic particle volume, η is the viscosity.
To evaluate the ability of the system to evaluate Brownian relaxation in a solution, the signal intensity change by relaxation was measured by changing the viscosity. Polyvinyl alcohol (PVA) and water were used to prepare solutions with magnetic nanoparticles (nanomag-D, 130 nm size) at different viscosities. Fig. 7 shows the time change of the signal intensity by Brownian relaxation. The measurement time was changed according to the rotation speed. The signal intensity was calculated by the ratio between the value measured by the 1st pickup coil at the electromagneto and that at the 2nd pickup coil located at a rotation angle of 88
• from the center of the magnet. The nanoparticles in aqueous solution (0.9 mPa · s) did not show a signal because of the short relaxation time. However, the relaxation curve of the nanoparticles in PVA solutions seems to have a mixture of two signals. One is the Brownian relaxation and the other is the residual magnetic field of the aggregated nanoparticles from the PVA matrix, which shows a very long lifetime. Compared with the early-stage curve at each different viscosity (6.0 mPa · s for 2 wt%, 16.9 mPa · s for 3 wt%), the viscosity dependence of the relaxation time was observed.
IV. CONCLUSION
A compact hybrid magnetometer with sample vibration and rotation was developed to enable measurement of the M-H characteristics, harmonic signal analysis, and magnetization relaxation. Measurement results for paramagnetic, diamagnetic and superparamagnetic materials were presented. The use of the HTS-SQUID enabled highly sensitive measurement and downsizing of the measurement system.
